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Abstract
Purpose Global climate change (GCC), especially global
warming, has affected the material cycling (e.g., carbon,
nutrients, and organic chemicals) and the energy flows of
terrestrial ecosystems. Persistent organic pollutants (POPs)
were regarded as anthropogenic organic carbon (OC)
source, and be coupled with the natural carbon (C) and
nutrient biogeochemical cycling in ecosystems. The objec-
tive of this work was to review the current literature and
explore potential coupling processes and mechanisms be-
tween POPs and biogeochemical cycles of C and nutrients
in terrestrial ecosystems induced by global warming.
Results and discussion Global warming has caused many
physical, chemical, and biological changes in terrestrial
ecosystems. POPs environmental fate in these ecosystems
is controlled mainly by temperature and biogeochemical
processes. Global warming may accelerate the re-
emissions and redistribution of POPs among environmental
compartments via soil–air exchange. Soil–air exchange is a
key process controlling the fate and transportation of POPs
and terrestrial ecosystem C at regional and global scales.
Soil respiration is one of the largest terrestrial C flux in-
duced by microbe and plant metabolism, which can affect
POPs biotransformation in terrestrial ecosystems. Carbon
flow through food web structure also may have important
consequences for the biomagnification of POPs in the eco-
systems and further lead to biodiversity loss induced by
climate change and POPs pollution stress. Moreover, the
integrated techniques and biological adaptation strategy
help to fully explore the coupling mechanisms, functioning
and trends of POPs and C and nutrient biogeochemical
cycling processes in terrestrial ecosystems.
Conclusions and perspectives There is increasing evidence
that the environmental fate of POPs has been linked with
biogeochemical cycles of C and nutrients in terrestrial eco-
systems under GCC. However, the relationships between
POPs and the biogeochemical cycles of C and nutrients
are still not well understood. Further study is needed to
explore the coupling mechanisms of POP environmental
fate and C biogeochemical cycle by using the integrated
techniques under GCC scenario and develop biological
and ecological management strategies to mitigate GCC
and environmental stressors.
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1 Introduction
Global climate change (GCC), especially global warming, is
unequivocal. The linear warming trend over the 50 years
from 1956 to 2005 (0.13°C per decade) is nearly twice that
for the 100 years from 1906 to 2005 and atmospheric carbon
dioxide (CO2) annual emissions have grown between 1970
and 2004 by about 80% (IPCC 2007). Global warming has
caused many physical, chemical, and biological changes in
terrestrial ecosystems (e.g., flooding, drought, wildfires,
Responsible editor: Jianming Xu
Y. Teng :Y. Luo (*)
Key Laboratory of Soil Environment and Pollution Remediation,
Institute of Soil Science, Chinese Academy of Sciences,
Nanjing 210008, People’s Republic of China
e-mail: ymluo@issas.ac.cn
Y. Teng : Z. Xu (*) : F. Reverchon
Environmental Futures Centre and School of Biomolecular and
Physical Sciences, Griffith University,
Nathan, QLD 4111, Australia
e-mail: zhihong.xu@griffith.edu.au
J Soils Sediments (2012) 12:411–419
DOI 10.1007/s11368-011-0462-0
insects, ice cap melting, sea level rise, species extinction)
(Blum 2005; Running 2006; Kerr 2007; Turner et al. 2009;
Xu et al. 2009; Schenker et al. 2010; Hoffmann and Sgrò
2011; Schmid et al. 2011). Like GCC, the environmental
pollution by persistent organic pollutants (POPs) is an issue
of global concern (Lamon et al. 2009). POPs are chemical
substances that persist in the environment, bioaccumulate
through the food web, and pose a risk of causing adverse
effects to human health and ecosystems (UNEP 2005). Each
POP has a long-range transportation potential in air and/or
water and can bioaccumulate in lipid-rich tissues of the biota
and biomagnify through terrestrial and aquatic food chains
(Ma et al. 2004). Hence, POPs have a potential adverse
impact on higher trophic animals in terrestrial and coastal
systems (Olsson et al. 2000; Christensen et al. 2005;
Kucklick et al. 2011) and on human health (Arnot et al.
2011). Moreover, with the intensification of global warm-
ing, an increase in POPs levels has been found in environ-
mental compartments because of the release from
environmental reservoirs such as soil, water, and ice (Nizzetto
et al. 2010; Ma et al. 2011). These higher emissions induced
by GCC would increase the vulnerability of exposed organ-
isms including humans through the food chain and lead to
greater adverse effects on human health and terrestrial ecosys-
tems (Cousins et al. 2010). POPs pollution induced by GCC
has recently attracted political concern and significant atten-
tion. Last year, the United Nations Environment Programme
(UNEP) Stockholm Convention has announced a major inter-
national study on the influence of GCC and POPs on human
health and the environmental ecosystem.
Terrestrial ecosystems can control and steer the Earth sys-
tem and respond strongly to GCC (Heimann and Reichstein
2008; Arnone et al. 2008; Piao et al. 2009; Singh et al. 2010).
The net exchange of C between the terrestrial biosphere and
the atmosphere is the difference between C uptake by plant
photosynthesis and releases by plant or ecosystem respiration,
soil respiration, and disturbance processes such as fire, land
management, and land-use change (IPCC 2007). The C bio-
geochemical cycling is a key coupling point between terres-
trial ecosystems and the climate system (Cao and Woodward
1998a, b; Falkowski et al. 2000; Xu and Chen 2006; Chen and
Xu 2010). Therefore, GCC can have significant impacts on
the structure and function of terrestrial ecosystems (Root et al.
2003; Williams et al. 2004). Some studies have shown that the
C biogeochemical cycling under high CO2 concentrations is
further drived and/or limited by nutrient availability and hy-
drological cycle (Schimel et al. 1997, 2001; Körner et al.
2005; Oki and Kanae 2006; Chen and Xu 2006, 2008; Wentz
et al. 2007; Jung et al. 2010). Thus, the question is how POPs,
as anthropogenic organic C sources from fossil-fuel emissions
and chemicals, are coupled with the natural C and nutrient
biogeochemical cycles in terrestrial ecosystems. Here, we
advance some hypotheses on the potential coupling process
and mechanisms between POPs and biogeochemical cycles of
C and nutrients (Fig. 1), review the current literature in this
area, and make some suggestions for further study.
2 POPs distribution and biogeochemical cycles of C
and nutrients
Some studies have indicated that GCC would likely increase
the exposure of the environment and ecosystem to POPs
(MacLeod et al. 2005; Lamon et al. 2009; Ma and Cao
2010). POPs are widely distributed among the environmen-
tal compartments (i.e., air, soils, vegetation, water bodies,
sediments, ice) of terrestrial ecosystems. Under the direct
influence of GCC, POPs environmental fate has been un-
dergoing significant changes and is controlled mainly by
temperature and biogeochemical processes (Valle et al.
2007; Ma and Cao 2010; Nizzetto et al. 2010). Increasing
temperature enhances volatilization and therefore leads to
increased emissions into air (Lamon et al. 2009; Gioia et al.
2011). Global warming also increases the frequency of
extreme events such as melting ice, storms, floods, and
forest fires (IPCC 2007). Extreme weather events have a
distinct impact on the remobilization and subsequent bioav-
ability of POPs (Schenker et al. 2010; Schmid et al. 2011).
Flooding events occur frequently in some regions and may
significantly contribute to re-emissions and redistribution of
POPs formerly stored in the sediments and agricultural soils
(Holoubek et al. 2007; Pulkrabova et al. 2008; Noyes et al.
2009; Bogdal and Scheringer 2010). Biomass burning is an
important linkage point between POPs and biogeochemical
cycles of C and nutrients in terrestrial ecosystems affected
by GCC. It not only can convert plant and soil organic
matter to CO2 (Kasischke et al. 1995; Westerling et al.
2006; Marlon et al. 2009; Turetsky et al. 2011; Zhang et
al. 2011) but also can cause the emission of particulate
matter and other gaseous pollutants such as CO, SOx,
NOx, volatile organic compounds, and POPs (Chi et al.
2010; Grandesso et al. 2011).
The coupling of the OC and organic contaminant fluxes
and budget in the global environment was recently
addressed as one key scientific issue (Nizzetto et al. 2010).
The biogeochemical cycles of POPs and OC may be linked
in various ways (e.g., soil or sediment particles, soil–air
exchange, plant accumulation, soil respiration, etc.) (Ver et
al. 1999; Wegmann et al. 2004; Moeckel et al. 2008, 2009).
Organic C pools in terrestrial subsurface layers represent the
major active stores and sources of POPs. Some studies have
shown that dissolved OC strongly affects the sorption and
mobility of organic chemicals (Totsche et al. 1997; Flores-
Cspedes et al. 2002), causing POPs in dissolved and partic-
ulate form to migrate by leaching to water bodies and deep
sediments (Moeckel et al. 2008).
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Global warming may accelerate the release of POPs previ-
ously deposited in environmental media and enhance air–soil
exchange of POPs (Bogdal et al. 2010; Hung et al. 2010).
Soil–air exchange and partitioning are key processes control-
ling the fate and transport of POPs and terrestrial ecosystem C
at regional and global scales (Cabrerizo et al. 2009, 2011).
Terrestrial plants not only fix CO2 as organic compounds
through photosynthesis (Beer et al. 2010), but also sequester
POPs from the atmosphere (McLachlan and Horstmann
1998), and transport them into forest soil C pools, which leads
to the forest filter effect (FFE) (Nizzetto et al. 2008). Some
recent studies investigated the vertical concentration profile of
several global contaminants in the litters and soils, and
showed that the litters represent a significant compartment
for POPs mass balance, and moreover, the mass of POPs
was associated with the active C pool over time (e.g., through
a plant growing season) (Moeckel et al. 2008, 2009). Howev-
er, little is known on the coupling relationship between plant
POPs accumulation and C fixation in terrestrial ecosystems.
Soil respiration is the second largest terrestrial C flux in-
duced by microbe and plant metabolism from the soil surface
to the atmosphere (Bond-Lamberty and Thomson 2010).
However, POPs partition and transformation are usually af-
fected by soil respiration in terrestrial ecosystems. To date,
only few studies have focused on POPs transferring and par-
titioning processes in soil organic and inorganic matrix at the
microscale (Doick et al. 2005). It is worth noting that there are
major uncertainties in the reaction of soil respiration to tem-
perature and soil humidity and how this will affect the capacity
of soils for biodegradation of POPs and OC turnover (Semple
et al. 2007). Therefore, more insights are needed on the dy-
namics of POPs and C biogeochemical cycle to better under-
stand their global and regional fluxes under global warming.
3 GCC affects both POPs and biogeochemical cycles of C
and nutrients through food webs in terrestrial
ecosystems
The food web is essential for maintaining life in the ecosys-
tem, but environmental change affects food-web structure
and ecosystem function (Petchey et al. 1999; Harmon et al.
2009). Ecologists and environmental scientists are now ac-
tively seeking ways to detect the movement of energy,
nutrients, and contaminants through food webs (Elser et al.
2000; Sharpe and Mackay 2000; Kelly and Gobas 2003).
Terrestrial organisms in the food web structure usually act as
Fig. 1 The coupling between persistent organic pollutants (POPs) and biogeochemical cycles of carbon and nutrients in terrestrial ecosystems
under global climate change (GCC)
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“bioreservoirs”, “biovectors”, and “biotransformers” of C,
nutrients, and POPs (Nizzetto et al. 2010). Especially, the
fungus-driven food web has important implications for the
fate of soil organic C in temperate ecosystems under warmer
scenarios (Briones et al. 2009). Changes in the food web
structure may have important consequences for the biomag-
nification of POPs in the food webs. In terrestrial ecosys-
tems, organisms at the top of the food web can adapt to
habitat change and largely alter their exposure to POPs
(Macdonald et al. 2005). Blankenship et al. (2005) found
that the differential accumulation of PCB congeners in the
terrestrial food web can be explained by congener-specific
differences in bioavailability from the soil, exposure path-
ways, and metabolic potential of each of the food web
components. Moreover, biotransportation (i.e., biovectors)
of POPs often occurs and likely being global distributed
because of changes in habitat at various scales (Bustnes et
al. 2006; Evenset et al. 2007).
During bioaccumulation and biotransportation of POPs
through the food web, POPs may be biotransformed by
enzymatic systems into a different chemical species (Borga
et al. 2004; Dang et al. 2010) with enhanced toxicity (Kay et
al. 2005; Noyes et al. 2009), especially under higher tem-
perature. Buckman et al. (2007) observed that rising tem-
perature enhanced biotransformation of PCBs into
toxicologically active hydroxylated PCB metabolites. Thus,
a warmer climate will affect the toxicokinetics of POPs
within organisms in the food web and the biomass turnover
rate of each trophic level and will ultimately disturb the
biogeochemical cycles of C and nutrients in the ecosystems.
Unfortunately, due to a lack of information about ecosys-
tems exposure to POPs under GCC, it is currently difficult
to estimate accurately how GCC may impact wildlife expo-
sure to POPs. Morrissey et al. (2010) used stable isotope and
contaminant analyses to reveal differences in nutrient sour-
ces and contaminant pathways in two species of dipper in
western Canada and western Britain. Di Paolo et al. (2010)
highlighted the importance of including black C (BC) as an
adsorbing phase to study the dynamics of biotransformation
and bioformation of polybrominated diphenyl ethers
(PBDEs) in an estuarine food web. There are large uncer-
tainties concerning how GCC has affected ecosystems food
web structures. Therefore, we will further focus on how
GCC affect the trophic structure and POPs fluxes in the
ecosystems.
4 The vulnerability and adaptation of biodiversity
in terrestrial ecosystems to POPs pollution and GCC
stressors
Biodiversity in terrestrial ecosystems plays a key role in the
maintenance of C and nutrient cycles (Müller et al. 2010;
Nielsen et al. 2011). However, there is a significant increase
in the rate of biodiversity loss induced by GCC and other
environmental stressors such as POPs pollution (Butchart et
al. 2010; Curran et al. 2011; Dawson et al. 2011). Thus,
assessing the vulnerability and possible adaptation of biodi-
versity to environmental changes is necessary to further
understand the biogeochemical cycles of C and nutrients
and their influence on POPs dynamics and to mitigate
GCC effects and POPs pollution. A result by IPCC (2007)
showed that approximately 20% to 30% of plant and animal
species assessed so far are likely to be endangered if
increases in global average temperature exceed 1.5°C to
2.5°C. In some tropical regions characterized by high bio-
diversity, many species may be susceptible to the exposure
of multiple stressors (e.g., GCC, habitat loss and fragmen-
tation and pesticide pollution). More appropriate conserva-
tion actions will result from taking into account all these
aspects of vulnerability. On the other hand, the adaptation of
species takes place through adjustments to reduce vulnera-
bility or enhance resilience in response to GCC and associ-
ated environmental stressor (IPCC 2007). Adaptation is
selective and can take advantage of positive impacts and
reduce negative ones (Goklany 2005), especially biological
adaptation is more effective. Therefore, biological adapta-
tion strategy should be adopted to develop some environ-
mentally friendly management techniques (e.g., biological C
sequestration, bioenergy, bioremediation, namely the “3B”
technique) for enhancing biodiversity and mitigating GCC
and environmental stressor.
Biological C sequestration (BCS) refers to the assimila-
tion and storage of atmospheric CO2 in the vegetation, soils,
woody products, and aquatic environments (Lal 2004; Gitz
et al. 2006), which has the potential to offset the global
fossil fuel emissions. For example, C uptake by forests
contributed to a “residual” 2.6 Pg C year−1 terrestrial C sink
in the 1990s, about 33% of anthropogenic C emissions from
fossil fuel and land-use change (Bonan 2008). Soil C sink
capacity of managed ecosystems approximately equals the
cumulative historic C loss estimated at 55 to 78 Gt (Lal
2004). Furthermore, Jackson et al. (2005) highlight that C
sequestration strategies through tree plantations should be
considering their full environmental consequences. The na-
tional assessment for biological C sequestration in the USA
will be conducted in the course of the next 3–4 years. At the
same time, biofuels are being promoted as an important part
of the global energy needed to reduce fossil fuels use and to
decrease anthropogenic greenhouse gas fluxes (Vuichard et
al. 2009; Barton et al. 2010). Many studies evaluated the C
mitigation potentials of biofuels through cultivation technol-
ogies and ecological vulnerability (e.g., land use change and
biodiversity loss, etc.) (Searchinger et al. 2008; West et al.
2010; Mullins et al. 2011) and compared them to the gen-
erated “carbon debt” when clearing natural ecosystems for
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cultivating biofuels (Fargione et al. 2008). Tilman et al.
(2006) found that biofuels derived from the low-input
high-diversity (LIHD) mixtures of native grassland peren-
nials can provide more usable energy, greater greenhouse
gas reductions, and less agrochemical pollution per hectare
than can corn grain ethanol or soybean biodiesel. Moreover,
biofuels can be produced on agriculturally degraded lands
and thus both protect the habitat of biodiversity and envi-
ronment. In addition, the energy crops used for phytoreme-
diation are attractive (Witters et al. 2011), which could turn
phytoremediation into a profit-making operation. However,
information about phytoremediation applications based on
biological energy is rather limited and we still seldom assess
its biological C sequestration potential in mitigating GCC.
5 Integrated approaches to reveal the coupling
mechanisms between POPs and biogeochemical cycles
of C and nutrients
The development of integrated techniques (e.g., stable iso-
tope, biomarker, modeling, etc.) in terrestrial ecosystem
research is necessary to fully understand the mechanisms,
functioning, and trends of POPs and biogeochemical cycles
of C and nutrients. In the last two decades, stable isotope
techniques have been widely used to study the biogeochem-
ical processes such as C cycle and primary productivity,
nutrient cycling, microbial community functioning, trans-
portation and biodegradation of pollutions, the hydrological
cycle, and terrestrial and aquatic food chain (Näsholm et al.
1998; Pace et al. 2004; Dickhut et al. 2004; Govindarajulu et
al. 2005; Morin et al. 2008). Recent advances in the appli-
cation of molecular genetic approaches have provided an-
other powerful tool to analyze potentially huge microbial
diversity in natural environments (Anderson and Cairney
2004; He et al. 2009; Zhang et al. 2009); however, this
gives no direct information about the biogeochemical pro-
cesses in which microorganisms are active. A combination
of stable isotope probing (SIP) and biomarker-based finger-
printing can be a powerful approach to directly link the C
(13C) biogeochemical process with active specific micro-
organisms groups in natural environments (Boschker et al.
1998; Lu and Conrad 2005; Xu et al. 2009; Sun et al. 2010).
With the 13C-labeled tracers available, nuclear magnetic
resonance (NMR) spectroscopy technique has been increas-
ingly used in ecology, geochemistry, and environmental
science (Mathers et al. 2000; Hedges et al. 2001; Käcker
et al. 2002; Chen et al. 2004; Johnson et al. 2005). These
approaches provide more structural information for biogeo-
chemical cycles of C and organic pollutants in terrestrial
ecosystems, particularly when combined with stable isotope
and bio-molecular techniques. On the other hand, modeling
is very useful to integrally understand and predict the C and
POPs biogeochemical cycling processes at a global and re-
gional scales under GCC (Cao andWoodward 1998a; Thomas
et al. 2005; MacLeod et al. 2005; Lamon et al. 2009), includ-
ing Dynamic Global Vegetation Models (DGVMs), General
Circulation Model (GCM) and Berkeley-Trent Global Multi-
media Mass Balance Model (BETR Global). The environ-
mental fate and transportation of POPs are to some extent
controlled by the C biogeochemical cycle in terrestrial eco-
systems, which should be considered in global C cycle models
in terrestrial ecosystems.
6 Conclusions
There is increasing evidence that GCC has significantly
affected the C and nutrient cycling processes in terrestrial
ecosystems. However, GCC impacts on the environmental
fate and biological effects of POPs are not well understood,
particularly in terms of the relationship between POPs and
biogeochemical cycles of C and nutrients. Therefore, further
research questions should focus on the dynamics of POP
environmental fate and C biogeochemical cycle under dif-
ferent GCC scenarios. These questions would answer how
GCC affects the trophic structure of ecosystems and food
web magnification of POPs, and would address the effects
of multiple stressors on the vulnerability and adaptation of
biodiversity, and the development of integrated techniques
(e.g., stable isotope, biomarker, NMR, modeling, etc.) could
help unravelling the links between POPs and the C cycle. It
is worth pointing out that the hydrological cycle is a key
ecosystem process which drives the C and nutrient cycles
and POPs dynamics under global warming, and therefore
needs to be considered when we study the above mentioned
issues. In addition, developing environmentally friendly
management strategies (“3B” technique) is urgently re-
quired for biodiversity conservation and mitigating GCC
and environmental stressors.
Acknowledgements This research was funded by grants from the
support of K.C. Wong Education Foundation of Hong Kong, the
National Natural Science Foundation of China (40921061), and the
Australian Research Council (DP1092470).
Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
References
Anderson IC, Cairney JWG (2004) Diversity and ecology of soil
fungal communities: increased understanding through the appli-
cation of molecular techniques. Environ Microbiol 6:769–779
J Soils Sediments (2012) 12:411–419 415
Arnone JA, Verburg PSJ, Johnson DW, Larsen JD, Jasoni RL,
Lucchesi AJ, Batts CM, von Nagy C, CoulombeWG, Schorran DE,
Buck PE, Braswell BH, Coleman JS, Sherry RA, Wallace LL, Luo
YQ, Schimel DS (2008) Prolonged suppression of ecosystem car-
bon dioxide uptake after an anomalously warm year. Nature
455:383–386
Arnot JA, Armitage JM, McCarty LS, Wania F, Cousins IT, Toose-
Reid L (2011) Toward a consistent evaluative framework for POP
risk characterization. Environ Sci Technol 45:97–103
Barton L, Murphy DV, Kiese R, Butterbach-Bahl K (2010) Soil nitrous
oxide and methane fluxes are low from a bioenergy crop (canola)
grown in a semi-arid climate. GCB Bioenergy 2:1–15
Beer C, Reichstein M, Tomelleri E, Ciais P, Jung M, Carvalhais N,
Rödenbeck C, Altaf Arain M, Baldocchi D, Bonan GB, Bondeau
A, Cescatti A, Lasslop G, Lindroth A, Lomas M, Luyssaert S,
Margolis H, Oleson KW, Roupsard O, Veenendaal E, Viovy N,
Williams C, Woodward FI, Papale D (2010) Terrestrial gross
carbon dioxide uptake: global distribution and covariation with
climate. Science 329:834–838
Blankenship AL, Zwiernik MJ, Coady KK, Kay DP, Newsted JL,
Strause K, Park C, Bradley PW, Neigh AM, Millsap SD, Jones
PD, Giesy JP (2005) Differential accumulation of polychlorinated
biphenyl congeners in the terrestrial food web of the Kalamazoo
River Superfund Site, Michigan. Environ Sci Technol 39:5954–
5963
BlumWEH (2005) Soil and climate change. J Soils Sediments 5:67–68
Bogdal C, Scheringer M (2010) Climate change and POPs: predicting
the impacts. Chapter 3-Environmental fate and long-rang trans-
port of POPs. Report of the UNEP/AMAP Expert Group, pp 15–
20
Bogdal C, Nikolic D, Lthi MP, Schenker U, Scheringer M, Hungerbhler
K (2010) Release of legacy pollutants from melting glaciers: model
evidence and conceptual understanding. Environ Sci Technol
44:4063–4069
Bonan GB (2008) Forests and climate change: forcings, feedbacks, and
the climate benefits of forests. Science 320:1444–1449
Bond-Lamberty B, Thomson A (2010) Temperature-associated
increases in the global soil respiration record. Nature 464:57–582
Borga K, Fisk AT, Hoekstra PF, Muir DCG (2004) Biological and
chemical factors of importance in the bioaccumulation and trophic
transfer of persistent organochlorine contaminants in arctic marine
food webs. Environ Toxicol Chem 23:2367–2385
Boschker HTS, Nold SC, Wellsbury P, Bos D, de Graaf W, Pel R,
Parkes RJ, Cappenberg TE (1998) Direct linking of microbial
populations to specific biogeochemical processes by C-13-
labelling of biomarkers. Nature 392:801–805
Briones MJI, Ostle NJ, McNamara NP, Poskitt J (2009) Functional
shifts of grassland soil communities in response to soil warming.
Soil Biol Biochem 41:315–322
Buckman AH, Brown SB, Small J, Muir DCG, Parrott J, Solomon KR
(2007) Role of temperature and enzyme induction in the biotrans-
formation of polychlorinated biphenyls and bioformation of hy-
droxylated polychlorinated biphenyls by rainbow trout
(Oncorhynchus mykiss). Environ Sci Technol 41:3856–3863
Bustnes JO, Helberg M, Strann KB, Skaare JU (2006) Environmental
pollutants in endangered vs. increasing subspecies of the lesser
black-backed gull on the Norwegian Coast. Environ Pollut
144:893–901
Butchart SHM, Walpole M, Collen B, van Strien A, Scharlemann JPW,
Almond REA, Baillie JEM, Bomhard B, Brown C, Bruno J,
Carpenter KE, Carr GM, Chanson J, Chenery AM, Csirke J,
Davidson NC, Dentener F, Foster M, Galli A, Galloway JN,
Genovesi P, Gregory RD, Hockings M, Kapos V, Lamarque JF,
Leverington F, Loh J, McGeoch MA, McRae L, Minasyan A,
Morcillo MH, Oldfield TEE, Pauly D, Quader S, Revenga C, Sauer
JR, Skolnik B, Spear D, Stanwell-Smith D, Stuart SN, Symes A,
Tierney M, Tyrrell TD, Vie JC, Watson R (2010) Global biodiver-
sity: indicators of recent declines. Science 328:1164–1168
Cabrerizo A, Dachs J, Barcel D (2009) Development of a soil fugacity
sampler for determination of air-soil partitioning of persistent
organic pollutants under field controlled conditions. Environ Sci
Technol 43:8257–8263
Cabrerizo A, Dachs J, Moeckel C, Ojeda MJ, Caballero G, Barcel D,
Jones KC (2011) Factors influencing the soil–air partitioning and
the strength of soils as a secondary source of polychlorinated
biphenyls to the atmosphere. Environ Sci Technol 45:4785–4792
Cao MK, Woodward FI (1998a) Dynamic responses of terrestrial
ecosystem carbon cycling to global climate change. Nature
393:249–252
Cao MK, Woodward FI (1998b) Net primary and ecosystem produc-
tions and carbon stocks of terrestrial ecosystems and their re-
sponse to climate change. Global Change Biol 4:185–198
Chen CR, Xu ZH (2006) On the nature and ecological functions of soil
soluble organic nitrogen (SON) in forest ecosystems. J Soils
Sediments 6:63–66
Chen CR, Xu ZH (2008) Analysis and behavior of soluble organic
nitrogen in forest soils. J Soils Sediments 8:363–378
Chen CR, Xu ZH (2010) Forest ecosystem responses to environmental
changes: the key regulatory role of biogeochemical cycling. J
Soils Sediments 10:210–214
Chen CR, Xu ZH, Mathers NJ (2004) Soil carbon pools in adjacent
natural and plantation forests of subtropical Australia. Soil Sci
Soc Am J 68:282–291
Chi KH, Lin CY, Ou Yang CF, Wang JL, Lin NH, Sheu GR, Lee CT
(2010) PCDD/F measurement at a high-altitude station in Central
Taiwan: evaluation of long-range transport of PCDD/Fs during
the Southeast Asia biomass burning Event. Environ Sci Technol
44:2954–2960
Christensen JR, MacDuffee M, Macdonald RW, Whiticar M, Ross PS
(2005) Persistent organic pollutants in British Columbia Grizzly
Bears: consequence of divergent diets. Environ Sci Technol
39:6952–6960
Cousins IT, Kong D, Vestergren B (2010) Climate change and POPs:
Predicting the impacts. Chapter 4-Impact of climate change on
exposure to POPs for wildlife and humans. Report of the UNEP/
AMAP Expert Group, pp 21–28
Curran M, de Baan L, De Schryver AM, van Zelm R, Hellweg S,
Koellner T, Sonnemann G, Huijbregts MAJ (2011) Toward mean-
ingful end points of biodiversity in life cycle assessment. Environ
Sci Technol 45:70–79
Dang VD, Walters DM, Lee CM (2010) Transformation of chiral
polychlorinated biphenyls (PCBs) in a stream food web. Environ
Sci Technol 44:2836–2841
Dawson TP, Jackson ST, House JI, Colin IP, Mace GM (2011) Beyond
predictions: biodiversity conservation in a changing climate. Sci-
ence 332:53–58
Di Paolo C, Gandhi N, Bhavsar SP, Van den Heuvel-Greve M, Koelmans
AA (2010) Black carbon inclusive multichemical modeling of
PBDE and PCB biomagnification and transformation in estuarine
food webs. Environ Sci Technol 44:7548–7554
Dickhut RM, Padma TV, Cincinelli A (2004) Fractionation of
stable isotope-labeled organic pollutants as a potential tracer
of atmospheric transport processes. Environ Sci Technol
38:3871–3876
Doick KJ, Burauel P, Jones KC, Semple KT (2005) Distribution of
aged C-14-PCB and C-14-PAH residues in particle-size and hu-
mic fractions of an agricultural soil. Environ Sci Technol
39:6575–6583
Elser JJ, Fagan WF, Denno RF, Dobberfuhl DR, Folarin A, Huberty A,
Interlandi S, Kilham SS, McCauleyk E, Schulz KL, Siemann EH,
Sterner RW (2000) Nutritional constraints in terrestrial and fresh-
water foodwebs. Nature 408:578–580
416 J Soils Sediments (2012) 12:411–419
Evenset A, Carroll J, Christensen GN, Kallenborn R, Gregor D,
Gabrielsen GW (2007) Seabird guano is an efficient conveyer
of persistent organic pollutants (POPs) to Arctic lake ecosys-
tems. Environ Sci Technol 41:1173–1179
Falkowski P, Scholes RJ, Boyle E, Canadell J, Canfield D, Elser J,
Gruber N, Hibbard K, Högberg P, Linder S, Mackenzie FT,
Moore B III, Pedersen T, Rosenthal Y, Seitzinger S, Smetacek
V, Steffe W (2000) The global carbon cycles: a test of our
knowledge of earth as a system. Science 290:291–296
Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P (2008) Land
clearing and the biofuel carbon debt. Science 319:1235–1238
Flores-Cspedes F, Gonzlez-Pradas E, Fernndez-Prez M, Villafranca-
Snchez M, Socas-Viciana M, Urea-Amate MD (2002) Effects of
dissolved organic carbon on sorption and mobility of imidacloprid
in soil. J Environ Qual 31:880–888
Gioia R, Eckhardt S, Breivik K, Jaward FM, Prieto A, Nizzetto L,
Jones KC (2011) Evidence for major emissions of PCBs in the
West African region. Environ Sci Technol 45:1349–1355
Gitz V, Hourcade JC, Ciais P (2006) The timing of biological carbon
sequestration and carbon abatement in the energy sector under
optimal strategies against climate risks. Energy J 27:113–133
Goklany IM (2005) A climate policy for the short and medium term:
stabilization or adaptation? Energ Environ 16:667–680
Govindarajulu M, Pfeffer PE, Jin HR, Abubaker J, Douds DD, Allen
JW, Bucking H, Lammers PJ, Shachar-Hill Y (2005) Nitrogen
transfer in the arbuscular mycorrhizal symbiosis. Nature 435:819–
823
Grandesso E, Gullett B, Touati A, Tabor D (2011) Effect of moisture,
charge size, and chlorine concentration on PCDD/F emissions
from simulated open burning of forest biomass. Environ Sci
Technol 45:887–3894
Harmon JP, Moran NA, Ives AR (2009) Species response to environ-
mental change: impacts of food web interactions and evolution.
Science 323:1347–1350
He JZ, Ge Y, Xu ZH, Chen CR (2009) Linking soil bacterial diversity
to ecosystem multifunctionality using backward-elimination
boosted trees analysis. J Soils Sediments 9:547–554
Hedges JI, Baldock JA, Gelinas Y, Lee C, Peterson M, Wakehams SG
(2001) Evidence for non-selective preservation of organic matter
in sinking marine particles. Nature 409:801–804
Heimann M, Reichstein M (2008) Terrestrial ecosystem carbon dy-
namics and climate feedbacks. Nature 451:289–292
Hoffmann AA, Sgrò CM (2011) Climate change and evolutionary
adaptation. Nature 470:479–485
Holoubek I, Klanova J, Jarkovsky J, Kohoutek J (2007) Trends in
background levels of persistent organic pollutants at Kosetice
observatory, Czech Republic. Part I. Ambient air and wet deposi-
tion 1996–2005. J Environ Monitor 9:557–563
Hung H, Kallenborn R, Breivik K, Su Y, Brorström-Lundén E,
Olafsdottir K, Thorlacius JM, Leppänen S, Bossi R, Skov H, Manø
S, Patton GW, Stern G, Sverko E, Fellin P (2010) Atmospheric
monitoring of organic pollutants in the Arctic under the Arctic
Monitoring and Assessment Programme (AMAP): 1993–2006. Sci
Total Environ 408:2854–2873
IPCC (2007) The Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge
Jackson RB, Jobbágy EG, Avissar R, Roy SB, Barrett DJ, Cook CW,
Farley KA, le Maitre DC, McCarl BA, Murray BC (2005) Trading
water for carbon with biological carbon sequestration. Science
310:1944–1947
Johnson CE, Smernik RJ, Siccama TG, Kiemle DK, Xu ZH, Vogt DJ
(2005) Using 13C nuclear magnetic resonance spectroscopy for the
study of Northern hardwood tissues. Can J For Res 35:1821–1831
Jung M, Reichstein M, Ciais P, Seneviratne SI, Sheffield J, Goulden
ML, Bonan G, Cescatti A, Chen JQ, de Jeu R, Dolman AJ,
Eugster W, Gerten D, Gianelle D, Gobron N, Heinke J, Kimball
J, Law BE, Montagnani L, Mu QZ, Mueller B, Oleson K, Papale
D, Richardson AD, Roupsard O, Running S, Tomelleri E, Viovy
N, Weber U, Williams C, Wood E, Zaehle S, Zhang K (2010)
Recent decline in the global land evapotranspiration trend due to
limited moisture supply. Nature 467:951–954
Käcker T, Haupt ETK, Garms C, Francke W, Steinhart H (2002)
Structural characterisation of humic acid-bound PAH residues in
soil by 13C-CPMAS-NMR-spectroscopy: evidence of covalent
bonds. Chemosphere 48:117–131
Kasischke ES, Christensen NL, Stocks BJ (1995) Fire, global warming
and the carbon balance of boreal forests. Ecol Appl 5:437–451
Kay DP, Blankenship AL, Coady KK, Neigh AM, Zwiernik MJ, Millsap
SD, Park Karl SC, Bradley P, Newsted JL, Jones PD, Giesy JP
(2005) Differential accumulation of polychlorinated biphenyl con-
geners in the aquatic food web at the Kalamazoo River Superfund
Site, Michigan. Environ Sci Technol 39:5964–5974
Kelly BC, Gobas FAPC (2003) An arctic terrestrial food-chain bio-
accumulation model for persistent organic pollutants. Environ Sci
Technol 37:2966–2974
Kerr RA (2007) Global warming is changing the world. Science
316:188–190
Körner C, Asshoff R, Bignucolo O, Hättenschwiler S, Keel SG,
Peláez-Riedl S, Pepin S, Siegwolf RTW, Zotz G (2005) Carbon
flux and growth in mature deciduous forest trees exposed to
elevated CO2. Science 309:1360–1362
Kucklick J, Schwacke L, Wells R, Hohn A, Guichard A, Yordy J,
Hansen L, Zolman E, Wilson R, Litz J, Nowacek D, Rowles T,
Pugh R, Balmer B, Sinclair C, Rosel P (2011) Bottlenose dolphins
as indicators of persistent organic pollutants in the Western North
Atlantic Ocean and Northern Gulf of Mexico. Environ Sci Tech-
nol 45:4270–4277
Lal R (2004) Soil carbon sequestration impacts on global climate
change and food security. Science 304:1623–1627
Lamon L, von Waldow H, MacLeod M, Scheringer M, Marcomini A,
Hungerbhler K (2009) Modeling the global levels and distribution
of polychlorinated biphenyls in air under a climate change sce-
nario. Environ Sci Technol 43:5818–5824
Lu YH, Conrad R (2005) In situ stable isotope probing of methano-
genic archaea in the rice rhizosphere. Science 309:1088–1090
Ma JM, Cao ZH (2010) Quantifying the perturbations of persistent
organic pollutants induced by climate change. Environ Sci Tech-
nol 44:8567–8573
Ma J, Hung H, Blanchard P (2004) How do climate fluctuations affect
persistent organic pollutant distribution in North America? Evi-
dence from a decade of air monitoring. Environ Sci Technol
38:2538–2543
Ma JM, Hung HL, Tian CG, Kallenborn R (2011) Revolatilization of
persistent organic pollutants in the Arctic induced by climate
change. Nature Climate Change 1:255–260
Macdonald RW, Harner T, Fyfe J (2005) Recent climate change in the
Arctic and its impact on contaminant pathways and interpretation
of temporal trend data. Sci Total Environ 342:5–86
MacLeod M, Riley WJ, Mckone TE (2005) Assessing the influence of
climate variability on atmospheric concentrations of polychlori-
nated biphenyls using a Global-Scale Mass Balance Model
(BETR-Global). Environ Sci Technol 39:6749–6756
Marlon JR, Bartlein PJ, Walsh MK, Harrison SP, Brown KJ, Edwards
ME, Higuer PE, Power MJ, Anderson RS, Briles C, Brunelle A,
Carcaillet C, Daniels M, Hu FS, Lavoie M, Long C, Minckley T,
Richard PJH, Scott AC, Shafer DS, Tinner W, Umbanhowar CE,
Whitlockg C (2009) Wildfire responses to abrupt climate change
in North America. Proc Natl Acad Sci USA 106:2519–2524
Mathers NJ, Mao XA, Xu ZH, Saffigna PG, Berners-Price SJ, Perera
MCS (2000) Recent advances in applications of 13C and 15N
NMR spectroscopy to soil organic matter studies. Aust J Soil
Res 38:769–787
J Soils Sediments (2012) 12:411–419 417
McLachlan MS, Horstmann M (1998) Forests as filters of airborne
organic pollutants: a model. Environ Sci Technol 32:413–420
Moeckel C, Nizzetto L, Di Guardo A, Steinnes E, Freppaz M, Filippa
G, Camporini P, Benner J, Jones KC (2008) Persistent organic
pollutants in boreal and montane soil profiles: distribution, evi-
dence of processes, and implications for global cycling. Environ
Sci Technol 42:8374–8380
Moeckel C, Nizzetto L, Berg B, Lindroth A, Jones KC (2009) Air-
boreal forest transfer and processing of polychlorinated biphenyls.
Environ Sci Technol 43:5282–5289
Morin S, Savarino J, Frey MM, Yan N, Bekki S, Bottenheim JW,Martins
JMF (2008) Tracing the origin and fate of NOx in the Arctic
atmosphere using stable isotopes in nitrate. Science 322:730–732
Morrissey CA, Elliott JE, Ormerod SJ (2010) Local to continental
influences on nutrient and contaminant sources to river birds.
Environ Sci Technol 44:1860–1867
Müller R, Bandow C, Seeland A, Fennel D, Coors A, Ebke PK, Förster
B, Martinez-Arbizu P, Moser T, Oetken M, Renz J, Römbke J,
Schulz N, Oehlmann J (2010) BiKF AdaMus: a novel research
project studying the response and adaptive potential of single
species and communities to climate change in combination with
other stressors. J Soils Sediments 10:718–721
Mullins KA, Griffin WM, Matthews HS (2011) Policy implications of
uncertainty in modeled life-cycle greenhouse gas emissions of
biofuels. Environ Sci Technol 45:132–138
Näsholm T, Ekblad A, Nordin A, Giesler R, Högberg M, Högberg P
(1998) Boreal forest plants take up organic nitrogen. Nature
392:914–916
Nielsen UN, Ayres E, Wall DH, Bardgett RD (2011) Soil biodiversity
and carbon cycling: a review and synthesis of studies examining
diversity–function relationships. Eur J Soil Sci 62:105–116
Nizzetto L, Jarvis A, Brivio PA, Jones KC, Di Guardo A (2008)
Seasonality of air-forest canopy POP exchange. Environ Sci
Technol 42:8778–8783
Nizzetto L, Macleod M, Borgå K, Cabrerizo A, Dachs J, Guardo AD,
Ghirardello D, Hansen KM, Jarvis A, Lindroth A, Ludwig B,
Monteith D, Perlinger JA, Scheringer M, Schwendenmann L,
Semple KT, Wick LY, Zhang G, Jones KC (2010) Past, present,
and future controls on levels of persistent organic pollutants in the
global environment. Environ Sci Technol 44:6526–6531
Noyes PD, McElwee MK, Miller HD, Clark BW, Van Tiem LA,
Walcott KC, Erwina KN, Levin ED (2009) The toxicology of
climate change: environmental contaminants in a warming world.
Environ Int 35:971–986
Oki T, Kanae S (2006) Global hydrological cycles and world water
resources. Science 313:1068–1072
Olsson A, Ceder K, Bergman Å, Helande B (2000) Nestling blood of
the white-tailed sea eagle (Haliaeetus albicilla) as an indicator of
territorial exposure to organohalogen compounds—an evaluation.
Environ Sci Technol 34:2733–2740
Pace ML, Cole JJ, Carpenter SR, Kitchell JF, Hodgson JR, Van de
Bogert MC, Bade DL, Kritzberg ES, Bastviken D (2004) Whole-
lake carbon-13 additions reveal terrestrial support of aquatic food
webs. Nature 427:240–243
Petchey OL, McPhearson PT, Casey TM, Morin PJ (1999) Environ-
mental warming alters food-web structure and ecosystem func-
tion. Nature 402:69–72
Piao SL, Fang JY, Ciais P, Peylin P, Huang Y, Sitch S, Wang T (2009)
The carbon balance of terrestrial ecosystems in China. Nature
458:1009–1014
Pulkrabova J, Suchanova M, Tomaniova M, Kocourek V, Hajslova J
(2008) Organic pollutants in areas impacted by flooding in 2002:
a 4-year survey. Bull Environ Contam Toxicol 81:299–304
Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, Pounds JA
(2003) Fingerprints of global warming on wild animals and
plants. Nature 421:57–60
Running SW (2006) Is global warming causing more, large wildfires?
Science 313:927–928
Schenker U, Bogdal C, Luthi MP, Hungerbuhler K, Scheringer M,
Nikolic D (2010) Release of legacy pollutants from melting
glaciers: model evidence and conceptual understanding. Environ
Sci Technol 44:4063–4069
Schimel DS, Braswell BH, Parton WJ (1997) Equilibration of the
terrestrial water, nitrogen, and carbon cycles. Proc Natl Acad
Sci USA 94:8280–8283
Schimel DS, House JI, Hibbard KA, Bousquet P, Ciais P, Peylin P,
Braswell BH, AppsMJ, Baker D, Bondeau A, Canadell J, Churkina
G, Cramer W, Denning AS, Field CB, Friedlingstein P, Goodale C,
Heimann M, Houghton RA, Melillo JM, Moore B, Murdiyarso D,
Noble I, Pacala SW, Prentice IC, Raupach MR, Rayner PJ,
Scholes RJ, Steffen WL, Wirth C (2001) Recent patterns and
mechanisms of carbon exchange by terrestrial ecosystems. Nature
414:169–172
Schmid P, Bogdal C, Blüthgen N, Anselmetti FS, Zwyssig A,
Hungerbhler K (2011) The missing piece: sediment records in
remote mountain lakes confirm glaciers being secondary sources
of persistent organic pollutants. Environ Sci Technol 45:203–208
Searchinger T, Heimlich R, Houghton RA, Dong FX, Elobeid A,
Fabiosa J, Tokgoz S, Hayes D, Yu TH (2008) Use of US crop-
lands for biofuels increases greenhouse gases through emissions
from land-use change. Science 319:1238–1240
Semple KT, Doick KJ, Wick LY, Harms H (2007) Microbial interac-
tions with organic contaminants in soil: definitions, processes and
measurement. Environ Pollut 150(1):166–176
Sharpe S, Mackay D (2000) A framework for evaluating bioaccumu-
lation in food webs. Environ Sci Technol 34:2373–2379
Singh BK, Bardgett RD, Smith P, Reay DS (2010) Microorganisms
and climate change: terrestrial feedbacks and mitigation options.
Nat Rev Microbiol 8:779–790
Sun FF, Kuang YW, Wen DZ, Xu ZH, Li JL, Zuo WD, Hou EQ (2010)
Long-term tree growth rate, water use efficiency, and tree ring
nitrogen isotope composition of Pinus massoniana L. in response
to global climate change and local nitrogen deposition in Southern
China. J Soils Sediments 10:1453–1465
Thomas DSG, Knight M, Wiggs GFS (2005) Remobilization of south-
ern African desert dune systems by twenty-first century global
warming. Nature 435:1218–1221
Tilman D, Hill J, Lehman C (2006) Carbon-negative biofuels from
low-input high-diversity grassland biomass. Science 314:1598–
1600
Totsche KU, Danzer J, Kgel-Knabner I (1997) Dissolved organic
matter-enhanced retention of polycyclic aromatic hydrocarbons
in soil miscible displacement experiments. J Environ Qual
26:1090–1100
Turetsky MR, Kane ES, Harden JW, Ottmar RD, Manies KL, Hoy E,
Kasischke ES (2011) Recent acceleration of biomass burning
and carbon losses in Alaskan forests and peatlands. Nat Geo-
sci 4:27–31
Turner WR, Oppenheimer M, Wilcove DS (2009) A force to fight
global warming. Nature 462:278–279
UNEP (2005) General technical guidelines for the environmentally
sound management of wastes consisting of, containing or con-
taminated with persistent organic pollutants (POPs). Basel con-
vention series. SBC Nr.2005/1
Valle MD, Codato E, Marcomini A (2007) Climate change influence
on POPs distribution and fate: a case study. Chemosphere
67:1287–1295
Ver LMB, Mackenzie FT, Lerman A (1999) Biogeochemical responses
of the carbon cycle to natural and human perturbation: past,
present and future. Am J Sci 299:762–801
Vuichard N, Ciais P, Wolf A (2009) Soil carbon sequestration or
biofuel production: new land-use opportunities for mitigating
418 J Soils Sediments (2012) 12:411–419
climate over abandoned soviet farmlands. Environ Sci Technol
43:8678–8683
Wegmann F, Scheringer M, Moller M, Hungerbuhler K (2004) Influ-
ence of vegetation on the environmental partitioning of DDT in
two global multimedia models. Environ Sci Technol 38(5):1505–
1512
Wentz FJ, Ricciardulli L, Hilburn K, Mears C (2007) How much more
rain will global warming bring? Science 317:233–235
West PC, Gibbs HK, Monfreda C, Wagner J, Barford CC, Carpenter
SR, Foley JA (2010) Trading carbon for food: global comparison
of carbon stocks vs. crop yields on agricultural land. P Natl Acad
Sci USA 107:19645–19648
Westerling AL, Hidalgo HG, Cayan DR, Swetnam TW (2006) Warm-
ing and earlier spring increase Western U.S. forest wildfire activ-
ity. Science 313:940–943
Williams MA, Rice CW, Omay A, Owensby C (2004) Carbon and
nitrogen pools in a tallgrass prairie soil under elevated carbon
dioxide. Soil Sci Soc Am J 68:148–153
Witters N, Mendelsohn RO, Van Slycken S, Weyens N, Schreurs E,
Meers E, Tack F, Carleer R, Vangronsveld J (2011) Phytoreme-
diation, a sustainable remediation technology? Conclusions from
a case study. I: energy production and carbon dioxide abatement.
Biomass Bioenerg. doi:10.1016/j.biombioe.2011.08.016
Xu ZH, Chen CR (2006) Fingerprinting global climate change and
forest management within rhizosphere carbon and nutrient cycling
processes. Environ Sci Pollut Res 13:293–298
Xu ZH, Chen CR, He JZ, Liu JX (2009) Trends and challenges in soil
research 2009: linking global climate change to local long-term
forest productivity. J Soils Sediments 9:83–88
Zhang L, Xu ZH, Patel BKC (2009) An improved method for purifying
genomic DNA from forest leaf litters and soil suitable for PCR. J
Soils Sediments 9:261–266
Zhang HF, Hu DW, Chen JM, Ye XN, Wang SX, Hao JM, Wang L,
Zhang RY, An ZS (2011) Particle size distribution and polycyclic
aromatic hydrocarbons emissions from agricultural crop residue
burning. Environ Sci Technol 45:5477–5482
J Soils Sediments (2012) 12:411–419 419
